The multi-scale computational method of combining first-principles calculation and finite element electromagnetic simulations is used to study plasmon-enhanced interlayer charge transfer (ICT) exciton of 2D lateral and van der Waals MoS 2 /WS 2 heterostructure with 2H phase. The weak ICT excitons are observed in the 2H lateral and van der Waals MoS 2 /WS 2 heterostructures. Theoretical results reveal the physical principle of plexciton resulting from strong coupling between plasmonic and ICT exciton. The weak CT exciton can be strongly enhanced by metal plasmon, can provide a new way to observe the weak CT exciton. Our results can promote deeper understanding of the plexciton resulting from strong coupling interaction between plasmon and exciton of lateral and van der Waals heterostructures.
electrons accumulated in one layer and the holes in the other layer, forming indirect or interlayer excitons with longer electron−hole recombination lifetime. 19, [22] [23] [24] The exciton decay dynamics is dominated by interlayer charge transfer (CT) processes, while fast interlayer energy transfer (ET) in MoS 2 /WS 2 heterostructures was also observed experimentally using photoluminescence excitation spectroscopy. 25 When used as active layers in optoelectronic devices, they can potentially overcome some limitations of individual TMDs layers and possess different electronic structures and optical properties from TMDs heterostructures. The vdW heterostructures cannot be precisely controlled, and the interface between layers hampered by defects and contamination in the processes. 26, 27 The in-plane lateral heterostructures of monolayer TMDs with atomically sharp interfaces without interfacial contamination in the heterostructures are highly demanded, because of a single crystalline signature of the TMDs atomic layers and a unique 1D heterointerface with no discernible height difference. [28] [29] [30] [31] [32] [33] [34] Because of the difficulties in controlling the defects and contamination of 2D uniaxial crystals, the fabrication of 2D heterostructures with pure and sharp interfaces is still challenging to maintain the photoelectric performance driven by interlayer or intralayer coupling. 35 Therefore, it is necessary to investigate the optical properties theoretically. The atomically sharp interface of lateral heterostructure offers an interesting platform for the study of fundamental materials science of essential building block of 2D electronics and optoelectronic components in the future. Optoelectronic properties of lateral heterostructures are determined by the energy band structure, doping, and defects of both materials near the boundary. 29, 30 The type II (staggered) band alignment is anticipated at the heterostructure, which may lead to the formation of excitons by electrons and holes localized on opposite sides of the 1D heterointerface, enabling p-n junctions and efficient optoelectronics. 19 Whether it is a vdW heterostructure or a lateral heterostructure, the heterostructure of TMDs has extraordinary application potential in the field of photocatalysis and optoelectronic devices. The two-dimensional materials of most TMDs have both metal and semiconductor phases. This two-phase nature is inherently determined by the heterostructure being a metal-semiconductor contact. When the heterostructure is exposed to a certain amount of light, the metal phase produces surface plasmons, and excitons are present in the semiconductor phase. Therefore, it is urgent to study the coupling properties of plasmonic and exciton in TMDs heterostructure materials. Coherently coupled plasmons and excitons can result in new optical excitations: plexcitons, which is polaritonic modes, due to the strong coupling of these two oscillator systems. The strong coupling between the surface plasmon and the exciton will also cause the appearance of Rabi-splitting, that is, the very close absorption peaks will split into two closer resonance peaks. This strong coupling causes changes in the electromagnetic field mode and exciton wave function. [36] [37] [38] Physical mechanism and applications of strong and weak coupling have been extensively investigated. [39] [40] [41] [42] [43] In general, the spectral region of strong coupling where the imaginary part of the dielectric function is large positive, and the real part large negative is taken as an evidence for the plasmon. 44~47 While, the interaction between plasmon and excitonic plasmon interaction is not clear, especially principle of coupling interaction between plasmon and CT excitons of lateral and van der Waals heterostructures, since the absorption intensity of CT exciton itself is usually too weak to be observed experimentally. In addition to strong coupling, there is a relatively weak coupling, also known as the Purcell effect. This weak coupling effect can also significantly increase the exciton density, but it will not change the electromagnetic field mode and exciton wave function. Therefore, for the enhancement of the charge transfer exciton, the weak coupling mode can keep the charge transfer behavior unchanged. 48, 49 It is very important to reveal the physical mechanism that the metal plasmon enhances CT excitons, and make the CT excitonic peak is strong enough to be clearly observed experimentally.
In this works, plasmon-enhanced nanophotonic properties of van der Waals and lateral 2H phase MoS 2 /WS 2 heterostructure with investigated in detail theoretically.
The optical parameters calculated by the density functional theory (DFT) method can effectively describe the structural changes of materials at the atomic level. The combination of this optical parameter and finite element method (FEM) can analyze the interaction mechanism of plasmons and excitons on the subatomic scale. This method effectively resolves the problem that the traditional electromagnetic field theory cannot describe the quantum effect well in the subatomic field.
Method
In this letter, the first-principles calculation, which calculate and analysis without experimental data, was used as a major computational technique. The calculations were performed by the Vienna Ab-initio Simulation Package (VASP). 50 With The 11.0×11.0×1.0 Γ-centered k-points in k-space， the geometry optimization, total energies, forces, and energy profiles are calculated using density function theory (DFT) 51 combine spin-orbit coupling algorithm. The project augmented planewave (PAW) method 52 and plane wave basis set are used in VASP, and the Perdew-Burke-Ernzerhof (PBE) 53 functional which belongs to generalized gradient approximation (GGA) 54 approach was adopted for exchange-correlation energy. To accurately consider the nonbond interaction (mainly dispersion interaction) between layers, we used the DFT-D3. 55 An energy cut-off of 500 eV is used for plane-wave expansion of the PAW. A vacuum space of 18 Å in the Z-direction is introduced to eliminate the interaction between layers. This model is an effective single layer approximation method. The geometry was optimized until the Hellmann-Feynman force were less than 0.0005 eV/Å and the total energy is converged within 10 -8 eV.
The Bethe-Salpeter equation (BSE) 56 belong to many-body perturbation theory is used in optical property calculations to obtain a dielectric function with higher precision.
The BSE method can effectively consider the exciton effect inside the material, which can further improve the accuracy of the calculation absorption. The exciton excitation is derived from the GW approximation, 57 so BSE needs to rely on the GW approximation of the wave function. 58 For lateral heterostructures, we built an 8×4×1 supercell. In this case, 1.0×1.0×1.0 k-point sampling is used. Full optimization of the atomic geometry was performed until all components of the residual forces were less than 0.05 eV/Å and the total energy is converged within 10 -6 eV. On the other hand, in this work, we use the DFT method to calculate the anisotropic dielectric function as a parameter for finite element analysis. Frequency domain analysis was performed using the wave optics module in the Comsol Multiphysics 5.4a software. During the modeling process, the Ag disk is placed in the center of the cuboid, and the Before studying excitons and plasmon, we must calculate the exact optical properties. The complex dielectric function of the material can well reflect the system and light interaction. When the complex dielectric function of the system is less than zero and the imaginary part is large, it exhibits certain metallic properties. Fig. 1(a) is the complex dielectric function of vdW heterostructure. It is found that there are large negative real part and imaginary part of dielectric function around 465 nm for 2H van der Waals heterostructure, so there are strong light-matter interactions, which demonstrates strong interaction of excitonic and plasmonic. Also, Fig. 1(b) shows strong optical absorption around 465 nm for 2H phase van der Waals heterostructure.
Results and discussions
Due to the van der Waals interaction for the heterostructure, the strong CT excitons can be well observed around 800 nm for 2H phase heterostructure. The insert isosurface represent the electron-hole density, which is defined by: Fig. 1(c) . It is found that there is no large negative real part for 2H phase lateral heterostructures, so there is no strong light-matter interaction, which demonstrates there is no strong interaction between exciton and plasmonic. Fig.   1(d) show strong optical absorption from 300 nm to 500 nm, and weak absorption from 500 to 700 nm for 2H lateral heterostructures. Combining the absorption spectrum and the dielectric function, it can be found that the protrusion of the dielectric function around 700 nm is caused by the intralayer exciton. These CT transfer can be well demonstrated, see the inset in Fig. 1(d) . The lowest point of the lateral heterojunction conduction band is in the Brillouin area, which changes from K to Γ. Therefore, the indirect transitions in the lateral heterojunction disappear and are replaced by direct band gap transitions at the Γ point (the red arrow in the Fig. 2(b) ).
On the other hand, the electron and hole effective mass can determine the SPs frequency. In the surface physical optics, the SPs frequency is defined by: respectively. For the 2D materials, the effective is anisotropic and divide to two component. As shown in Fig. 2 , in the wdW heterostructure, the effective mass anisotropy of electrons and holes is strong, indicating that the plasmon frequencies in different directions also have strong anisotropy, see Fig. 2(c, d) . However, a larger effective mass will generate low-frequency plasmons, which indicates that vdW heterostructures are more likely to generate low-frequency SPs than lateral heterostructures, see Fig. 2 (e, f). According to the previous discussion, there are both surface plasmons and charge transfer excitons in the vdW heterostructure. Therefore, a special size (R=75 nm) is set for the Ag disc so that its SPR peak is as close as possible to the SPR peak of the vdW heterostructure. There is a strong coupling between the two, causing the original SPR peak (the bottom half of Fig 3(a) ) to shift by 124.75 meV and a Rabi-splitting, see Fig 3(a) . The strong coupling will change the original electromagnetic field mode, making the original dipole mode field wider and the strong field area larger, see For the lateral heterostructure, because there is no surface plasmon, the surface plasmon of the Ag disc is simply coupled with the exciton in the heterostructure.
Firstly, when the radius of the Ag disk is 40 nm, its transmission spectrum is as close as possible to the position of the strong absorption peak of the lateral heterostructure.
A Rabi-splitting 36, 38 appears in the transmission spectrum in Fig. 4 (a) and the SPR peaks shift by 92.91 meV and 348.46 meV, respectively. It splits into two strong peaks, and the electromagnetic field modes at this time are shown in Fig. 4(b) and (c), respectively. The electromagnetic fields of these two electric field modes have also changed, from a dipole mode to a superposition of a dipole mode and a multipolar mode. Change the radius of the Ag disk to 88nm to make it weakly coupled, which is the Purcell effect at 707.07 nm and the SPR peak shift by 90.4 meV. The electric field mode is shown in Fig. 4(d) . The electric mode field is not changed, and is still a dipole mode. The finite element analysis of classical electromagnetism has practical difficulties in dealing with the interlayer interactions of two-dimensional materials. In this work, we used density functional theory (DFT) and many-body perturbation theory to calculate the optical properties of two-dimensional materials, especially the dielectric function. Therefore, by analyzing this effect by transmission spectroscopy, we find that the wavelength of the transmission spectrum peaks is red shifted in the presence of charge transfer, see Fig. 5 . According to the conclusion of the CDD calculated by the previous DFT, the vdW heterostructure has the most complete charge transfer, so the red shift is the most. Surface plasmons can significantly enhance charge transfer because the hot electrons have a higher transport capacity, and cluster excitation can promote charge transfer at the interface. 59 The lateral heterogeneous structure is second, so the redshift is relatively weak. The peak wavelength of the transmission spectrum satisfies the following relationship:
Lateral vdW  
This regular can be used to determine the existence of interlayer and intralayer CT excitons, as well as the type of heterostructure in finite element analysis.
Conclusions
The strong and weak interaction with Rabi-splitting, Purcell effect and plexciton between metal plasmon and MoS 2 /WS 2 heterostructure CT exciton are reported in this letter. The strong interaction like plexciton and Rabi-splitting exist in the high energy region. Although this interaction enhances the electromagnetic field, it will change the exciton wave function and electromagnetic field mode. However, the weak coupling, Purcell effect, is a better method to enhanced CT exciton. This method can enhance the charge transfer exciton density without changing the electromagnetic field mode and exciton wave function. Weak coupling positions of different types of heterostructures are different. The wavelength of the vdW heterojunction is longer.
This rule can be used to judge the type of heterostructure and the type of charge transfer.
